Objective: To determine whether preoperative and/or postoperative central endothelial cell density (ECD) and its rate of decline postoperatively are predictive of graft failure caused by endothelial decompensation following penetrating keratoplasty to treat a moderate-risk condition, principally, Fuchs dystrophy or pseudophakic corneal edema.
dence (±95% confidence interval) of failure was 13% (±12%) for the 33 participants with a 6-month ECD of less than 1700 cells/mm 2 vs 2%(±3%) for the 137 participants with a 6-month ECD of 2500 cells/mm 2 or higher. After 5 years' follow-up, 40 of 277 participants (14%) with a clear graft had an ECD below 500 cells/mm 2 .
Conclusions: Preoperative ECD is unrelated to graft failure from endothelial decompensation, whereas there is a strong correlation of ECD at 6 months with graft failure from endothelial decompensation. A graft can remain clear after 5 years even when the ECD is below 500 cells/mm 2 .
Clinical Trial Registry: clinicaltrials.gov Identifier: NCT00006411
Arch Ophthalmol. 2010; 128(1):63-69 T HE CORNEA DONOR STUDY (CDS) was designed to determine the effect of donor age on penetrating keratoplasty outcomes. At 5 years' follow-up, no significant effect of age, up to 75 years, was found. 1 An ancillary study, the Specular Microscopy Ancillary Study (SMAS), detected a slight association between increasing donor age and greater postkeratoplasty corneal endothelial cell loss. 2 The SMAS also confirmed that there was substantial cell loss in successful grafts 5 years postoperatively for younger and older donors (69% and 75%, respectively). In the current analyses, we evaluated the effect of central donor endothelial cell density (ECD) and its rate of decline on the likelihood of corneal graft failure from endothelial decompensation during 5 years of followup. Specifically, we were interested in the effects on endothelial failure from decompensation occurring in the absence of acute events (eg, postoperative surgical procedure, graft rejection) that could affect ECD and endothelial function.
METHODS
Details of the CDS, including the SMAS protocol, have been published previously, 1, [3] [4] [5] and pertinent aspects are briefly described here. Eligible participants were aged 40 to 80 years and had corneal disease associated with endothelial decompensation and moderate risk of failure, principally, Fuchs dystrophy and pseudophakic corneal edema. Eligible corneas were from donors aged 10 to 75 years with a preoperative, baseline eye-bank-determined ECD from 2300 to 3300 cells/mm 2 . Participants were followed up for 5 years unless a regraft occurred before that time. In addition to a regraft, a graft was considered to have failed if there was loss of central graft clarity sufficient to compromise vision for a minimum of 3 consecutive months. Specular microscopic images of the central endothelium were obtained for the donor cornea preoperatively by the eye bank and postoperatively by the clinical site 6 and 12 months after transplantation and then annually for 5 years, provided that a regraft had not been performed. The ECD determinations for the available preoperative donor images and all postoperative participant images were made by the Specular Microscopy Reading Center (SMRC) at Case Western Reserve University and University Hospitals Eye Institute using standardized procedures. Details of the SMRC procedures used to evaluate preoperative donor images have been previously described.
3 Similar procedures were used for assessment of postoperative images. The ECD of all analyzable images was independently determined by 2 readers using the variable frame analysis method. If the ECDs differed by 5.0% or more, a third independent determination of ECD was made by an adjudicator (B.A.B.). The final ECD was the mean of all ECDs that were within 5.0% of each other. Low-ECD images create a challenge for readers, where inclusion or exclusion of 1 cell in the analyzed area can make an ECD difference of more than 100 cells/mm 2 . Although the corneal area measured is comparable to images with higher ECD, fewer cells are analyzed. As a result, there is a slightly greater rate of adjudication; through the adjudication process, however, the disparity between 2 readers' scores is resolved.
For this analysis, graft failures were limited to the 17 cases classified by the investigators as failures from endothelial decompensation in which no acute events had occurred that might have adversely affected the ECD. Acute events were defined as postoperative intraocular surgical procedures, including cataract extraction, and graft rejection. Therefore, graft failures were excluded if an acute event had been diagnosed on the date of the last image or between the last image date and the date of graft failure. In order to have a suitable comparison group, for all other participants included in the analysis, ECD data were excluded after the first occurrence of an acute event. The comparison group included 483 cases without graft failure that had at least 1 postoperative ECD measurement meeting criteria for inclusion in the analysis. Seventy-three participants in the SMAS who had no specular images that met inclusion criteria and 26 who had graft failure not meeting the previously defined criteria were not included in the analysis. The preoperative baseline ECD used in analyses was determined by the eye bank for 4 of the graft failure cases (24%) and 165 of the comparison group cases (34%) because the corneas were from eye banks that did not participate in the SMAS. The remainder of the baseline ECD measurements were determined by the SMRC from the preoperative baseline specular images captured by the eye bank. Thus, the eye-bank-determined ECD was not used in analyses when an SMRC-determined ECD was available. Although the protocol required a minimum eye-bankdetermined ECD of 2300 cells/mm 2 or greater, the comparable baseline ECD determined by the SMRC was below 2300 cells/mm 2 for 41 corneas (ECD, Ն2000 to Ͻ2300 cells/mm 2 for 32 corneas and Ͻ2000 cells/mm 2 for 9 corneas). Five-year rates of graft failure from endothelial decompensation were calculated using cumulative incidence. Data for a participant were censored at the first occurrence of either an acute event, a graft failure from another cause, or the last visit date. The proportional hazards model was used to assess the association of graft failure and ECD preoperatively at baseline and at 6 months postoperatively. Models also were fit with the most recent ECD value as a time-dependent variable. The rate of change as a time-dependent variable was calculated as the least-squares slope over all previous ECD measurements (eg, the rate of change at 1 year would be the slope fit to the baseline, 6-month, and 1-year ECD values). For the models with ECD as a time-dependent covariate, missing values were imputed by the Rubin method. 6 No significant deviation from the proportional hazards assumption was detected for these models.
All reported P values are 2-sided. Statistical analyses were conducted using SAS statistical software, version 9.1 (SAS Institute Inc, Cary, North Carolina).
RESULTS
Mean age (SD) at time of penetrating keratoplasty for the 500 participants with ECD data included in the analysis was 70 (8) years; 315 participants (63%) were women, and 475 (95%) were white, non-Hispanic. Moderate risk indications for penetrating keratoplasty included Fuchs dystrophy in 339 (68%), pseudophakic or aphakic corneal edema in 144 (29%), and a variety of other diagnoses in 17 participants (3%). Postoperatively, 74 eyes (15%) were phakic, 415 (83%) pseudophakic, and 11 (2%) aphakic.
Preoperative ECD was not predictive of graft failure from endothelial decompensation (P=.91 2 ) in the nonfailure group, which represented a 27% and 7% relative cell loss, respectively. In univariate analyses, the 6-month ECD and the change in ECD from baseline to 6 months were predictive of subsequent graft failure (PϽ.001 and P=.001, respectively). The 6-month ECD and the change in ECD from baseline to 6 months were highly correlated (Spearman correlation coefficient, 0.83; PϽ.001). Among those whose grafts had not failed within the first 6 months, the 5-year cumulative incidence (±95% CI) of failure from endothelial decompensation was 13% (±12%) in the 33 participants with a 6-month ECD of less than 1700 cells/ mm 2 , 3%(±4%) in the 99 participants with a 6-month ECD between 1700 and 2499 cells/mm 2 , and 2% (±3%) in the 137 participants with a 6-month ECD of 2500 cells/ mm 2 or higher (Figure 2) . Change from baseline to 6 months was not predictive of graft failure (P = .76) when added to the model with 6-month ECD (Table; Model No. 4).
Results were similar when ECD was analyzed as a timedependent variable in a proportional hazards regression model. The hazard ratio for graft failure for the most recent ECD value was 1.29 per 100 cells/mm 2 lower (95% CI, 1.15-1.45; P Ͻ.001; Table) . The rate of ECD change as a time-dependent covariate was not predictive of graft failure when added to the model (P = .74).
There were 62 participants who had a surviving graft with an ECD value of less than 500 cells/mm 2 at some point during the 5 years of follow-up (range, 178-497 cells/mm 2 ). The graft was still clear at last follow-up for 58 of these participants, 30 of whom were followed up for at least 1 year and 13 of whom were followed up for at least 2 years beyond the initial drop below 500 cells/ mm 2 . At the 5-year follow-up visit, the ECD was below 500 cells/mm 2 for 40 of the 277 participants (14%) with a clear graft and an ECD measurement (range, 178-3341 cells/mm 2 ).
COMMENT
In this analysis of SMAS data, preoperative ECD did not influence the likelihood of graft failure from endothelial decompensation. The hazard ratio for preoperative (baseline) ECD was 1.01 per 100 cells/mm 2 (95% CI, 0.86-1.18; P = .91) (Table) . In contrast to our results, Nishimura et al 7 reported that 21 graft failures caused by endothelial decompensation had a lower preoperative donor ECD compared with 367 cases that did not fail (mean, 2710 vs 2991 cells/mm 2 ). The explanation for the difference in findings could be the variation in corneal disorders represented in the 2 cohorts. The cohort in the study by Nishimura et al included cases with preoperative conditions at low risk of failure, such as keratoconus, whereas the CDS cohort included only cases of corneal disease associated with endothelial decompensation and moderate risk of failure.
The most important finding from our analysis was that the ECD at 6 months predicted failure from endothelial decompensation. Change in ECD from baseline to 6 months was also predictive of failure but was highly correlated with the 6-month ECD and thus was not associated with subsequent failure after controlling for the 6-month ECD. The 5-year endothelial failure rate of grafts with fewer than 1700 cells/mm 2 at 6 months was 6 times Time Since Surgery, y
Cumulative Incidence, % 6-mo ECD < 1700 cells/mm 2 (n = 33) 6-mo ECD 1700-2499 cells/mm 2 (n = 99) 6-mo ECD ≥ 2500 cells/mm 2 (n = 137) Figure 2 . Cumulative incidence of graft failure from endothelial decompensation by endothelial cell density (ECD) at 6 months (n = 269); 231 participants were excluded, 1 for graft failure before 6 months' follow-up, 5 were censored before or at 6 months' follow-up, and 225 for missing 6-month ECD values. See the penultimate paragraph in the "Methods" section. b The Cox model is conditional on graft survival at 6 months. Exclusion criteria include graft failure before 6 months (n = 1), participants censored before or at 6 months (n = 5), or missing a 6-month ECD value (n = 225). Results were similar using the Rubin method of multiple imputation for the 225 missing 6-month ECD values (data not shown). c The Cox model was fitted with ECD and rate of change as time-dependent covariates. Missing ECD values were handled by the Rubin method of multiple imputation.
(REPRINTED) ARCH OPHTHALMOL / VOL 128 (NO. 1), JAN 2010(13%) that of those with 2500 cells/mm 2 or more (2%). Nishimura et al 7 noted a similar relationship between cell loss at 2 months and endothelial failure. The studies by Nishimura et al, 7 Bourne et al, 8 and Patel et al 9 have shown that the greatest cell loss after penetrating keratoplasty occurs initially, with 30% to 50% loss in the first year, and then declines gradually as the endothelium stabilizes. They found an annual ECD decline of 7.8% from 3 to 5 years, 8 4.2% from 5 to 10 years, 10 and no change between 10 and 15 years postkeratoplasty, 9 compared with an annual rate of cell loss in normal corneas of 0.6%. 11 However, this observed decrease in the decline in annual cell loss most likely is artifactual, resulting from continued graft failure and subsequent loss to follow-up over time as ECD drops below a certain level and the graft fails.
The ECD at 6 months was more predictive of failure from endothelial decompensation than was the change from baseline to 6 months. Armitage et al 12 have proposed a model of postkeratoplasty cell loss with 2 exponential components, 1 rapid and 1 slow. Further analysis of the SMAS data with longer-term follow-up through 10 years, now under way, may allow testing of the hypothesis by Armitage et al. A graphic view of ECD over time ( Figure 1 ) appears to show a linear decline for those not failing and possibly an accelerated initial exponential decline for failing grafts. Both plots appear roughly asymptotic to a line at about 500 to 800 cells/mm 2 , consistent with the fact that some grafts fail and endothelial cell images become difficult to obtain below this ECD because of corneal thickening.
We attempted to separate the role of immunological endothelial rejection from endothelial failure alone, recognizing the possibility that clinically undetectable immunologic rejection may occur. The effect of rejection on ECD is variable and dependent on the promptness and success of treatment. 13, 14 Factors affecting rejection and the effects of rejection on ECD will be further analyzed in a separate analysis.
Another important and remarkable finding was graft survival in many eyes with an ECD below 500 cells/ mm 2 . At 5 years, there were 40 such grafts, with ECDs as low as 178 cells/mm 2 . This phenomenon was first noted by Abbott et al, 15 who reported a mean ECD of 684 cells/ mm 2 among grafts that were followed up for a mean of 17.4 years after penetrating keratoplasty, with ECDs as low as 320 cells/mm 2 . When a subset of the same cohort was examined 4 to 6 years later, 80% of the grafts remained clear. 16 Other When endothelial cells are enlarged, the area of intercellular spaces available for pump sites decreases, while the barrier to flow into the cornea increases. 19, 22 This balance does not depend on ECD alone, likely making the minimum ECD for maintaining corneal thickness and graft clarity variable. The histopathologic findings in grafts with endothelial failure and low ECD suggest that the remaining endothelial cells are unstable, stressed, and vulnerable. 23 It will be interesting to assess the grafts with low ECD during the next 5 years of follow-up in the SMAS.
The finding that early cell loss is predictive of failure suggests that further investigations look for the causes of that early cell loss. If those causes are preventable, then this information has likely significance for improving surgical and postoperative care. It is not yet clear, however, how cell densities lower than 1700 cells/mm 2 at 6 months can be used to alter the subsequent course in a given patient. Therefore, we cannot recommend that periodic postoperative specular microscopy be done on all corneal transplants merely to improve prognostication.
Conclusions from this initial 5-year observation period of the SMAS must be considered cautiously because there were only 17 cases of graft failure from endothelial decompensation. With longer-term follow-up, the number of failures from endothelial decompensation will increase, expanding the power and detail of this analysis. Missing ECD data points decreased the statistical power of this study as well. The strengths of this analysis include its prospective nature and large population for future comparisons. Detailed preoperative donor, operative, and postoperative data will be separately analyzed in relation to ECD changes and clinical outcomes during a longer follow-up period to assist in validation of eye banking and keratoplasty procedures over an extended period.
A possible criticism of the CDS and the SMAS is that the relevance of penetrating keratoplasty in the management of Fuchs dystrophy and pseudophakic corneal edema is declining since this procedure is increasingly supplanted by endothelial keratoplasty procedures for these indications. Graft survival and endothelial cell loss data after endothelial keratoplasty are limited. [24] [25] [26] The influences on endothelial survival are not yet fully understood with this new procedure, but the principles emerging from the careful long-term analyses in the CDS and the SMAS may apply to endothelial keratoplasty. At the same time, penetrating keratoplasty remains a common method for the surgical treatment of these conditions. In light of our findings, continued efforts to improve upon donor, operative, and postoperative factors influencing endothelial survival apparent at the 6-month ECD determination should continue to be pursued. 
